The Namaqua-Natal Province of southern Africa formed a part of the Kalahari craton, possibly linked to the ~1.0 Ga supercontinent Rodinia, but the timing of assembly and its positioning relation to other components is still debated. Thorough ion-probe zircon dating combined with strategic field observations in the tectonic front of a metamorphic belt can clarify some of these issues. In this study, the age of two "pretectonic" units, constrains the timing of collision and clarifies the role of the Koras Group as a tectonostratigraphic marker.
rhyolite, but also show that the Group represents at least 80 Ma of stratigraphic history. We 48 also demonstrate that the tectonostratigraphic relationships defining the end of Namaqua 49 deformation are valid only in the Kaaien Terrane, not in the terranes further west. 50 Zircons were separated from about 2 kg of each sample. The samples were crushed using a 55 swing mill and then sieved through 400µm. This material was panned by hand, heavy 56 minerals were dried and zircons were hand picked, mounted in epoxy and polished. 57
Cathodoluminescence and backscattered images were obtained for the individual zircon 58 grains, to identify age domains and to avoid cracks and metamict zones. All imaging for 59 samples with prefix DC was done using a Zeiss DSM 940 electron microscope at Gothenburg 60 University. A Cameca 1270 ion probe was used for U-Pb dating at the Nordsim facility in the 61
Swedish Natural History Museum in Stockholm, as described by Whitehouse et al. (1997; 62 1999) . A ~30 micron oxygen ion beam was used and the NIST 91500 zircon standard was 63 used for calibration. Common Pb corrections samples run at Nordsim (prefix DC) assume a 64 present day Stacey & Kramers (1975) model average terrestrial Pb composition, based on the 65 observation that most common Pb is due to laboratory contamination. Sample S03-10 was 66 analysed with a SHRIMP instrument at Curtin University, Perth, Australia according to 67 (Nelson, 1997) using standard CZ3, common Pb correction with a Broken Hill type of 68 composition (Cummings & Richards, 1975) and cathodoluminescence imaging done at Curtin 69 University. Age calculations were made using the Isoplot 3 programme of Ludwig (1991; 70 1998) . Uncertainties of age calculations are all given at the 2σ level, ignoring decay constant 71 errors. Unless stated otherwise, all the dates reported in this work are ion probe zircon U-Pb 72
data. 73
The results are given in Table 2 and raw data in the supplementary data. 74
Mineral analysis of hornblende in DC0439, see Table 3 , were done at Gothenburg University 75 on a Hitachi S-3400N Scanning electron microscope with an Oxford EDS system, and 76 pressure calculations in the programme by Tindle and Webb (1994) . 77 Groblershoop Formation, a thrust package of metasedimentary quartz-mica schists which may 85 be as old as 1900 Ma (Theart et al., 1989 ) that probably represents a passive margin shelf 86 sequence on the western margin of the Kaapvaal Craton formed before the Kheis tectonism. 87
Fig. 2 78
The Wilgenhoutsdrift Group is severely deformed and metamorphosed in the greenschist 88 facies. It shows two phases of deformation which according to Moen (1987; 1999) , record the 89 Namaqua deformation history in this area. Geochemical data suggests that the metabasites are 90 alkali-basalts, which may have originated in either a rift setting or as oceanic islands 91 (Stenberg, 2005) . Unlike many other mafic rocks from southern Africa, the Wilgenhoutsdrif 92 shows no geochemical subduction signature. The mafic and at least partly submarine 93 volcanism, together with the presence of minor serpentinites in the sequence leads to the 94 suggestion of an oceanic tectonic setting prior to its involvement in the Namaqua collision. 95
We analysed detrital zircons to investigate if the sediments had a juvenile character, reflecting 96 an oceanic setting, or formed close to an old crustal source. 97
Fig. 3 98 99
Although ascribed by most workers to the early stages of the Namaqua Wilson Cycle, 100 previous dates for the Wilgenhoutsdrif Group, summarised in Table 1 data for these detrital zircons are concordant (Fig. 4b) , and shown as Pb-Pb data in a 107 probability density plot in Fig. 4a , range between 1770 and 2864 Ma, with the major 108 population between 1800 and 2200 Ma. 109
Fig. 4 110 111

Koras Group 112
The Koras Group (Fig. 2) overlies highly deformed units, including the Wilgenhoutsdrif 113
Group. As shown in Fig. 3 , it is made up of two bimodal volcanic sequences comprising 114 basalt, rhyolite and sediments like conglomerate and sandstone. Each sequence represents a 115 cycle of bimodal volcanism and sedimentation. It is situated in fault basins and considered to 116 be related to a trans-tensional setting (Grobler et al., 1977) , developed during late to post-117 collision. The Koras Group is usually described as undeformed, although in many samples 118 greenschist facies mineral assemblages pseudomorph the magmatic minerals. Most previous 119 workers agreed that the entire Koras Group postdated Namaqua deformation in the entire 120 region. However, Sanderson-Damstra (1982) documented deformation fabrics in the 121 Bossienek Formation, meter-scale folds as well as slickenside striations in outcrops of 122 micaceous sandstone, which we also observed. His mapping also established the existence of 123 gentle folding in the lower Swartkopsleegte rhyolites, identified two phases parallel to the 124 regional FN2 and FN3 (FN3 crosscutting FN2) respectively and an angular unconformity 125 between them and the overlying Rouxville basalts on the farm Karos Settlement. In this work 126 four different units were sampled within the Koras Group. They are described in stratigraphic 127 order from base to top. The Swartkopsleegte rhyolite is from the first cycle and recently 128 yielded an ion probe Pb-Pb age of 1171 ± 7 Ma (Gutzmer et al., 2000) . Our sample contained 129 a small number of zircons, which for 21 spots yield a discordia upper intercept age of 1163 ± 130 12, and for the 9 concordant grains a concordia age at 1173 ± 12 Ma ( Table 2 , Fig. 5a ). The 131 concordia age is interpreted as the age of extrusion. The lower intercept of 328 ± 25 Ma 132 reflects an ancient lead loss event during the Carboniferous, possibly corresponding to the 133 Dwyka glaciation in the Gondwana continent. Much of the present land surface in this area is 134 an exhumed Dwyka surface and tillite occurences are common. 135
Fig. 5 136 137
Two rhyolitic lava samples were taken from the Leeuwdraai Formation in the upper volcanic 138 cycle, which overlies the unconformity. The massive appearance of this formation led to its 139 interpretation as an intrusion by some workers. However, the occurrence of horizons of 140 welded tuff and layers with quartz-filled vesicles leave no doubt that it is an extrusive unit. 141
These two samples yielded plentiful zircon and concordia ages of 1095 ± 10 Ma by SHRIMP, 142 and 1092 ± 9 Ma by Nordsim respectively (Table 2, Fig. 5 b,c) Fig. 5e ). This reflects the ages in the 155 provenance area towards the end of Koras volcanism. It suggests that the volcanism was not 156 so extensive that it covered the whole area, although it is possible that the 1900 Ma grains 157 were xenocrysts in Koras lavas. This sandstone has been used to define a paleomagnetic pole 158 with age given as 800-1050 Ma (Briden et al., 1979) and taken as 1065 Ma (Weil et al., 159 1998) . Field relationships suggest that the volcanic rubble which forms the base of this 160 sedimentary unit was deposited soon after the 1093 ± 7 Ma Leeuwdraai Formation volcanism 161 ceased, thereby establishing a maximum and probably true age for the Kalkpunt Sandstone 162
Formation. 163 164
Blauwbosch and Rooiputs intrusives 165
The Blauwbosch granite and the Rooiputs granophyre have been interpreted as intrusive and 166 extrusive or sub-volcanic equivalents of the Koras Group respectively, based on their lack of 167 deformation and the similarity in geochemical signatures (Geringer and Botha, 1976; Moen, 168 1987) . They crop out 50 km and 38 km NW of Upington, respectively ( Figs. 1 and 2 ). The 169 coarse-grained, two-feldspar Blauwbosch granite yielded a concordia age of 1093 ± 11 Ma 170 (Table 2 , Fig. 5f ). The Rooiputs granophyre is characterized by large numbers of mafic 171 xenoliths, reflecting bimodal magmatism, and gave a concordia age of 1093 ± 10 Ma (Table  172 2, Fig. 5g ). These ages confirm the correlation, but only with the upper part of the Koras 173
Group. Two xenocrystic zircons in the Rooiputs granophyre yield Pb-Pb minimum ages of 174 1818 and 1742 Ma, possibly reflecting Kheis Province rocks at depth. Three other xenocrysts 175 have low Th/U ratios that probably indicate metamorphic zircon (Schersten et al., 2000) 176 which yield a concordia age of 1187 ± 11 Ma. 177 This corresponds to the first Koras volcanic cycle and might reflect a metamorphic event in 178 the bedrock at that time. Similar ages have been reported further west in the Namaqua 179
Province (Raith et al., 2003) and as shown in the following section. 180
181
Areachap Group 182
The Areachap Terrane lies west of the Kaaien Terrane (Figs. 1 and 2), comprising a package 183 of predominantly mafic to minor felsic metavolcanic rocks and metasediments which have the 184 geochemical signature of a subduction-related arc complex (Geringer et al., 1994) . This 185 terrane has an amphibolite to granulite facies metamorphic overprint, which is generally much 186 higher grade than those to the east. However, the amphibolite grade stretches into the 187 westernmost quartsites of the Kaaien Terrane and their deformational histories are commonly 188 correlated (Stowe, 1986; van Zyl, 1981) . 189
190
The Areachap Group was defined by Geringer and Botha (1984) . It was conceived as a group 191 of subduction-related formations which were accreted to the Kalahari Craton during the 192 Namaqua orogeny (Fig. 2) . Mines (Voet and King, 1986; Theart et al., 1989) . 197
Its juvenile character was established by a Kober method zircon date of 1285 ± 14 Ma 198 (Cornell et al., 1990) at Copperton, 200 km south of Upington (Table 1) . Views on thiscorrelation are not unanimous, some workers consider the Boven Rugseer Shear Zone (Fig.  200 2), which transects the two areas, a major terrane boundary which prohibits them from 201 correlating across it. Several strong geochemical similarities, Pb and S isotopes, Sm-Nd 202 model ages and zircon ages as well as lithology need to be explained if they are not 203 correlated. For further discussion see Cornell et al. (2006) . 204 The narrow juvenile Areachap terrane seems to be unique in the Namaqua sector, but has 205 similar age and origin to the juvenile terranes in the Natal sector of the Province (Thomas et 206 al., 1994a) . In this work, a metadacite was dated to establish ages for its origin and 207 metamorphism, as was a cordierite-biotite-quartz-sphalerite gneiss from the Areachap Mine, 208 close to Upington. The metadacite occurs as a thick migmatitic unit exposed in a quarry in the 209 largely metabasic Jannelsepan Formation. It contains extensive locally-derived leucosome 210 lenses and is also cut by tonalitic dykes which were folded after intrusion, showing that FN2 211 deformation accompanied migmatization. Conditions for performing hornblende barometry 212 based on the Al content were met, melt and fluid were present as were phases of K-feldspar, 213 titanite, plagioclase, magnetite, biotite, quartz and hornblende. The aluminium in hornblende 214 geobarometer gives pressures of 5-6 Kbar (Tindle and Webb, 1994) , corresponding to 15-18 215 km depth for the migmatite (Table 3 ). Differences are due to different calibrations of the 216 barometer, the calibration of Schmidt (1992) , gave 6.1-6.3 Kbar. 217
Zircons from this sample (DC0439), seen in backscattered electron images, exhibit 218 oscillatory-zoned magmatic cores related to the origin of the protolith. Most grains also have 219 thick rims or truncating overgrowths, which are ascribed to recrystallisation during 220 migmatization. The magmatic zircon gave a concordia age of 1241 ± 12 Ma (Table 2 and further confirms the regional extent of this metamorphic event. The sample has rare zircons 225 with metamorphic overgrowths yielding a concordia age of 1158 ± 12 Ma ( Fig. 6b ) as well as 226 monazites giving a mean Pb-Pb age of 1148 ± 12 Ma (Table 2) . 227 Table 3 228 region, it is deformed and was thus classified as a pre-or syntectonic granite. It is also cut by 237 many bimodal Koras dykes. Its abundant zircon yields a concordia age of 1371 ± 9 Ma (Table  238 2, Fig. 5h ), establishing that it formed early in the tectonic cycle and before the 239
Wilgenhoutsdrif Group was deposited. 
Wilgenhoutsdrif Group 246
The detrital zircon from metasedimentary samples of the Wilgenhoutsdrif Group shows that 247 most of the sediment was derived from an old provenance area. The 2.5 to 3.2 Ga zircons 248 were probably derived from the Kaapvaal Craton, but the main body of 1800-2100 grains ismore likely derived from the Kheis Province (Fig. 1) although the Craton does contain some 250 rocks of this age. Hills of sandstone and micaceous quartzite occur and the Hartley lava 251 horizon in the Kheis Front is dated at ~1929 Ma (Cornell et al., 1998 . The Kheis Front is a 252 west-verging thrust package ramped over the Kaapvaal Craton, (Stowe, 1986) , which may 253 reflect the closure of an ocean basin at the end of a 1.9 to 1.7 Ga Wilson cycle (Cornell et al., 254 1998) . As Eglington and Armstrong (2004) point out, the geochronological evidence for such 255 a tectonic cycle is fragmentary, however it seems to be the best explanation for the geological 256 relationships in the Kheis Province as shown in Fig. 2 , which suggest a passive margin 257 development at 1.9 Ga and require a thrusting event before 1.7 Ga (Tinker et al., 2002) . for some tens of millions of years before deformation rates approached zero, thus the collision 292 probably began before 1200 Ma. 293 In the adjacent Areachap Terrane, arc-magmatic processes were active at 1240 Ma, but 294 migmatization at 15-18 km depth following the collision was in progress at 1165 Ma. At least 295 20 Ma was required for the build-up of heat, so the collision should have begun before 1185 296
Ma. Considering both terranes, the collision began after 1240 Ma and probably just before or 297 around 1200 Ma. 298
End of tectonism in different terranes 300
Our dating shows that while the lower Koras Group was being deposited in the Kaaien 301
Terrane at 1173 ± 12 Ma, the Jannelsepan Formation of the Areachap Group, today less than 302 12 km to the west, was subjected to migmatization and deformation in the Areachap Terrane 303 (1165 ± 10 Ma) in a syntectonic setting. This can be explained by the 15-18 km difference in 304 depth between the two localities, which prevailed at that time, according to our hornblende 305 barometry. The long-held concept that the Koras postdates all tectonism in the Namaqua 306 Table 1 . Thicknesses are not to scale, and the dips of faults and shears are schematic. (Briden et al., 1979) , was derived from outcrops of the present Boom River Formation. Table 2 . Age calculations for U-Pb ion probe zircon data, unless otherwise stated, used in this work. Errors are given at 2σ level, except where indicated by * (at 95% confidence level) and calculations ignoring decay constant errors. For full data see supplementary data and for concordia plots, see Fig. 4 , 5, 6. Jannelsepan Formation Amphibolite 1300 to 1100
Imprecise Rb-Sr, Pb-Pb and Th-Pb data.
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